Members of the SEPALLATA (SEP ) MADS-box subfamily are required for specifying the "floral state" by contributing to floral organ and meristem identity. SEP genes have not been detected in gymnosperms and seem to have originated since the lineage leading to extant angiosperms diverged from extant gymnosperms. Therefore, both functional and evolutionary studies suggest that SEP genes may have been critical for the origin of the flower. To gain insights into the evolution of SEP genes, we isolated nine genes from plants that occupy phylogenetically important positions. Phylogenetic analyses of SEP sequences show that several gene duplications occurred during the evolution of this subfamily, providing potential opportunities for functional divergence. The first duplication occurred prior to the origin of the extant angiosperms, resulting in the AGL2/3/4 and AGL9 clades. Subsequent duplications occurred within these clades in the eudicots and monocots. The timing of the first SEP duplication approximately coincides with duplications in the DEFICIENS/GLOBOSA and AGAMOUS MADS-box subfamilies, which may have resulted from either a proposed genome-wide duplication in the ancestor of extant angiosperms or multiple independent duplication events. Regardless of the mechanism of gene duplication, these pairs of duplicate transcription factors provided new possibilities of genetic interactions that may have been important in the origin of the flower.
M
OLECULAR genetic studies over the past 2 deand PLE, respectively (Coen and Meyerowitz 1991; Ma cades have identified a large number of regula-1994; Ma and Depamphilis 2000) . These ABC MADS-box tory genes that control early floral development (Ma genes are expressed in the floral meristem before or 1994; Weigel and Meyerowitz 1994; Zhao et al. 2001;  at the time of organ primordia initiation in regions . In particular, genetic studies in Arabidopsis corresponding to the genetically defined functional dothaliana and Antirrhinum majus have led to the proposal mains, indicating that the expression patterns of these of the genetic "ABC model" for specifying floral organ genes are good predictors of functional domains (Ma identity (Coen and Meyerowitz 1991) . Most of the and Depamphilis 2000) . Phylogenetic analyses indicate genes required for the ABC functions are MADS-box that the ABC genes and their close homologs form several genes that encode putative transcription factors (Theiswell-defined subfamilies, whose evolutionary histories sen et al. 1996; Becker and Theissen 2003) . In Arabihave been, or are currently being, studied phylogenetidopsis, the A function requires the APETALA1 (AP1) cally (Kramer et al. 1998  Becker and Theissen gene, B function needs both the APETALA3 (AP3) and 2003; Litt and Irish 2003; ; Soltis et the PISTILLATA (PI) genes, and the AGAMOUS (AG) al. 2005) . gene is necessary for C function. In Antirrhinum, the Although ABC genes are critical for floral organ idenfunctional homologs of AP3, PI, and AG are DEF, GLO, tity, they are not sufficient to convert leaves into floral organs, indicating that other flower-specific genes are needed. More recent genetic and molecular studies in Arabidopsis indicate that four additional MADS-box floral meristem determinacy (Honma and Goto 2000; Vandenbussche et al. 2003b) . The petunia FBP2 gene can partially rescue the Arabidopsis sep1 sep2 Pelaz et al. 2000 Pelaz et al. , 2001a Ditta et al. 2004) . The Arabidopsis SEP1, -2, and -4 genes are expressed throughout sep3 triple-mutant phenotype (Ferrario et al. 2003) and can form multimeric complexes with other floral the floral meristem at stage 2, slightly earlier than SEP3, which is expressed in a region corresponding to the homeotic MADS-box proteins, suggesting that FBP2 and SEP are functional counterparts (Ferrario et al. 2003) . inner three whorls just before the initiation of floral organ primordia (Flanagan and Ma 1994; Savidge et al. 1995;  However, in the composite Gerbera hybrida, the SEP homolog GRCD2 not only is important for floral meristem Mandel and Yanofsky 1998; Ditta et al. 2004) . Subsequently, SEP1 and SEP2 expression persist in all floral identity, but also promotes inflorescence meristem determinacy (Uimari et al. 2004) . Furthermore, because organ primordia and SEP3 is expressed in the inner three whorls, whereas SEP4 expression becomes more the expression patterns of rice SEP homologs, such as members of the LEAFY HULL STERILE1 (LHS1) clade, highly expressed in the central dome than in the sepals. Genetic studies indicate that the SEP genes are functionare highly variable among taxa (Malcomber and Kellogg 2004) , it is possible that other SEP homologs may ally redundant in the control of all floral organ identities, as all organs are replaced by leaf-like organs in the also have diverse expression patterns and functions. The fact that multiple SEP homologs are present in quadruple mutant, as well as have redundant roles in promoting floral meristem determinacy (Pelaz et al. distant angiosperm lineages suggests that this subfamily has experienced several gene duplication events. How-2000; Ditta et al. 2004) .
One or more Arabidopsis SEP proteins can form proever, the lack of information about SEP homologs in basal angiosperms makes it uncertain whether the first gene tein complexes with one or more ABC proteins in vitro and in yeast two-hybrid assays (Fan et al. 1997 ; Honma duplication occurred before or after the initial diversification of extant angiosperms. Phylogenetic analysis suggests and Goto 2000; Pelaz et al. 2001a; Favaro et al. 2002; Immink et al. 2002 Immink et al. , 2003 Ferrario et al. 2003) , sugthat the closest relatives of the SEP subfamily are members of the AGL6 subfamily, which contains both angiosperm gesting that these MADS-box proteins form multimeric complexes that control various transcriptional programs and gymnosperm genes (Becker and Theissen 2003; De Bodt et al. 2003 ; Martinez-Castilla and Alvarezin specific organ types (Theissen and Saedler 2001) . The "floral quartet model" integrates the genetic ABC Buylla 2003; Nam et al. 2003) . It is possible that either the extant gymnosperms have lost their SEP homologs model with the recent addition of known protein-protein interactions (Theissen 2001 ). The recent finding or the SEP subfamily is angiosperm specific. Alternatively, it is also possible that gymnosperm homologs of of SEP function in the first whorl (Ditta et al. 2004) supports a revised quartet model: AP1-AP1-SEP-SEP, SEP genes have not yet been isolated or identified despite the recovery of the AG, DEF/GLO, and AGL6 sub-AP1-AP3-PI-SEP, AP3-PI-AG-SEP, and AG-AG-SEP-SEP complexes are required for the formation of sepals, family members from multiple gymnosperm taxa. Phylogenetic analyses of ABC genes and their angiopetals, stamens, and carpels, respectively, highlighting the importance of the SEP proteins in specifying all sperm and gymnosperm homologs suggest that most MADS-box subfamilies evolved from precursors in the four whorls of the flower.
The SEP genes form a separate subfamily in the common ancestors of extant seed plants (Becker and Theissen 2003) . Experimental evidence supports that MADS-box gene family (Becker and Theissen 2003) , designated here as the SEPALLATA (SEP) subfamily. members of the SEP subfamily are "flower-specific" factors. The fact that SEP proteins are required for all ABC SEP1 and SEP2 are believed to be the result of a recent gene duplication (Ermolaeva et al. 2003) but their relafunctions, along with the possibility that SEP genes are angiosperm specific, suggests that the evolution of SEP tionships to SEP3 and SEP4 are not clear. Some analyses place SEP1 and SEP2 more closely to SEP4 than to SEP3 homologs may be intimately associated with the evolution of the angiosperms and may even be partly responsi-(Yu and Goh 2000; Lemmetyinen et al. 2004) , whereas other studies concluded that SEP3 is the closest relative ble for the emergence and subsequent explosion of angiosperms. In this article, we have identified SEP hoof SEP1 and SEP2 (Purugganan 1998; Lawton-Rauh et al. 2000; Sung et al. 2000; Becker and Theissen 2003;  mologs from angiosperms that occupy phylogenetically important positions. By sequencing floral cDNAs from Parenicova et al. 2003; Vandenbussche et al. 2003b; Nam et al. 2004) . This uncertainty has made it hard to six species, we found and analyzed nine new SEP homologs from two basal-most extant angiosperms (Amborella understand the function of ancestral SEP homologs and to study functional changes during gene evolution.
trichopoda and Nuphar advena), as well as two magnoliids (Persea americana and Liriodendron tulipifera), one basal Homologs of the SEP genes have been isolated from other plants and are referred to as "SEP homologs" here monocot (Acorus americanus), and one basal eudicot (Eschscholzia californica) (Figure 1 ). Extensive phylogefor such genes whose closest relative in Arabidopsis is SEP1, -2, -3, or -4, regardless of function. SEP homologs netic analyses of these genes, along with all other publicly available SEP homologs, suggest that this subfamily from petunia and rice (Oryza sativa) have functions similar to those of the Arabidopsis SEP genes (Ferrario et originated and underwent a gene duplication event be- Library construction and DNA sequencing: As part of our effort to identify floral genes from divergent angiosperm taxa and study their evolutionary relationships, the Floral Genome Project (FGP) includes the determination of several thousand EST sequences (Soltis et al. 2002) . cDNA libraries were constructed from premeiotic floral buds from the aforementioned species, following the procedure described by Albert et al. (2005) and at the website http:/ /www.floralgenome.org/fgp/. EST sequencing was performed as described (Albert et al. 2005) and sequences were stored in the FGP EST database (http:/ / pgn.cornell.edu/). BLAST searches of the FGP EST database identified cDNA clones with significant matches to SEP1, -2, -3, or -4, with a cut-off E-value set at e Ϫ10 . Full-length sequences of these cDNAs were then obtained by sequencing the clones from both the 5Ј-and 3Ј-ends using T3 and T7 primers. Internal primers were designed and used to complete sequencing, as needed (data not shown).
New genes were named with the first two letters of the genus name, in uppercase, and the first two letters of the specific epithet, in lowercase, followed by the name of the closest Arabidopsis homolog, in uppercase (Ma et al. 1991; Mandel and Yanofsky 1998) . If more than one homolog of the same Arabidopsis gene was isolated, they were designated with a period followed by the number 1, 2, etc. For example, the AGL2 and AGL9-like genes from A. trichopoda were named AMtrAGL2 and Figure 1 this way were then used as queries to search for their closest relative in the Arabidopsis genome. A sequence was not considTaxon selection and plant materials: Recent phylogenetic ered a SEP homolog unless its best hit in the Arabidopsis studies suggest that all extant angiosperms fall into the eudiprotein database was SEP1, -2, -3, or -4. Sequences from the cots, monocots, or magnoliids, or one of several small lineages same species were treated as duplicates if they were Ͼ95% near the base of the angiosperm tree (Qiu et al. 1999 because several recent phylogenetic studies suggest that this 1999; Barkman et al. 2000; Graham and subfamily is the closest relative of the SEP subfamily (Becker Olmstead 2000; Zanis et al. 2002; Aoki et al. 2004) . To maximize and Theissen 2003; Litt and Irish 2003; Nam et al. 2003) . the coverage of the base of the angiosperm tree, we have sampled
Five SQUA-like genes were used as outgroups to root the phylothe basal-most angiosperm A. trichopoda, the water lily N. advena, genetic trees. the magnoliids L. tulipifera and P. americana, the basal monocot Sequence alignment: Because phylogenetic topology can A. americanus, and the basal eudicot E. californica. Additionally, be alignment dependent, to maximize the reliability of our the SEP homologs Eu.be.AGL9 (AY821780), Ma.gr.AGL2 (AY phylogenetic analyses, we generated three different alignments 821781), and Ma.gr.AGL9 (AY821782) were isolated from Eupofor our data set. For the first alignment (alignment I), full-length matia bennettii and Magnolia grandiflora, as described previously . The sources of plant materials are A. trichoamino acid sequences were initially aligned using CLUSTALX imation of the rate variation among sites (⌫). Likelihood analyversion 1.81, with the "gap opening" penalty (GOP) set to 8.0 ses were performed with PHYML (Guindon and Gascuel and the "gap extension" penalty (GEP) to 0.3. A preliminary 2003). ML parameter values were then optimized, with a BIphylogenetic tree was produced on the basis of the highly con-ONJ tree as a starting point (Gascuel 1997) with the approserved M and K domains, and the order of the sequences was priate parameters. Support values for nodes on the ML tree then rearranged according to their phylogenetic placements.
were estimated with 250 bootstrap replicates (Felsenstein When the closely related sequences were listed close to each 1985). In addition to the maximum-parsimony and maximumother, it became easier to improve the alignment manually likelihood methods, Bayesian analyses were conducted for within less conserved regions. After manual adjustments, a alignment I, alignment II, and alignment I with a partial C second phylogenetic tree was generated using the most conterminus using MrBayes version 3.0b4. For each Bayesian analserved M and K domains as well as the less conserved I domain ysis, we ran four chains of the Markov chain Monte Carlo, and part of the C-terminal region. Again, the order of sesampling one tree every 100 generations for 1,000,000 (or quences in the matrix was changed according to their new more, if needed) generations, starting with a random tree. placements in the phylogenetic tree, and further adjustments After excluding the trees generated during the "burn-in" pewere made to align the remaining residues in the C-terminal riod, all other trees were imported to PAUP to generate the region. By repeating these steps, we were able not only to consensus tree. align the least conserved C-terminal region confidently, but
We examined the amino acid matrix of residues with quality also to obtain a better understanding of the differences in scores of Ͼ12 in CLUSTALX from alignment I with partial C amino acid substitution pattern between the conserved and terminus using MacClade (Maddison and Maddison 1989 ) the less conserved regions.
to determine which residues are more like AGL2/3/4 and For the second alignment (alignment II), we applied differwhich are more like AGL9. Additionally, we reconstructed the ent GOP and GEP values for different regions in the matrix.
ancestral states of members of the AGL2/3/4 and AGL9 clades The range of GEP for the pairwise alignment was 5-70. Espeusing the trace character function of MacClade showing all cially in the C-domain region, we applied a maximum GEP most parsimonious states at each node (Maddison and Madand then adjusted manually. Note that not as many manual dison 1989). adjustments were used in the second alignment as in the first.
Expression studies: For RNA in situ hybridizations, poppy Because both the first and second alignments involve human plants (E. californica cv. Aurantiaca Orange) were grown in judgment and thus could be arbitrary, we also generated a the greenhouse from seed purchased from J. L. Hudson Seedsthird alignment (alignment III), using only a computer proman. Fresh tissue was collected and fixed as described in the gram, to compare to the other two alignments. We used a Meyerowitz protocol (http:/ /www.its.caltech.edu/plantlab/ recently developed alignment program, MUSCLE (Edgar protocols/insitu.html). One modification to this protocol was 2004), because benchmark alignment tests indicate that this the omission of the denaturation and postfixation steps. Plasprogram performs consistently better than all other tested mid DNA was digested with restriction enzymes to remove the multiple sequence alignment programs, including CLUShighly conserved MADS-box region and probes were synthe-TALX and T-Coffee (Edgar 2004). For each amino acid alignsized using T7 RNA polymerase. A control sense probe was ment, alignments of corresponding DNA sequences were also prepared and hybridized for each experiment from an EcGLO generated and analyzed (Nicholas et al. 1997) .
clone by digesting the 3Ј-end of the clone and synthesizing Phylogeny reconstruction: More than 20 different phylogethe probe using T3 RNA polymerase (data not shown). For netic analyses were conducted to understand the evolution RT-PCR experiments, total RNAs were extracted from Nuphar of the SEP subfamily. All three alignments were examined floral organs and young leaves using the RNeasy plant mini kit phylogenetically using both an amino acid matrix and a corre-(QIAGEN, Stanford, CA). RT-PCR was performed as described sponding nucleotide matrix. Each matrix was analyzed both previously . with and without the highly variable C-terminal region. An additional matrix including all amino acid residues with higher-than-12 column scores as indicated in CLUSTALX and RESULTS its corresponding nucleotide matrix were also analyzed. We refer to this alignment as "alignment I with a partial C terSequences of SEPALLATA homologs: Nine new SEP minus." homologs were identified in this study, i.e., AMtrAGL2
Phylogenetic analyses for each matrix were carried out using and AMtrAGL9 from A. trichopoda, NUadAGL2 from N. Inspection of the SEP protein sequences revealed two 3; see also supplemental materials at http://www.gene tics.org/supplemental/). In general, the more characshort, relatively conserved motifs, referred to here as SEP I and SEP II motifs, near and at the very C termini ters included in our analyses, the greater the resolution. For example, analyses of the nucleotide matrices yielded of most proteins from the SEP subfamily (Figure 2 ; supplemental Figure 1 at http://www.genetics.org/sup trees with greater resolution and higher support values than the corresponding amino acid matrices, and matriplemental/), even though the C-terminal region of SEP proteins appears to be less conserved than that of the ces with the C-terminal region yielded better results than matrices without this region. Analyses of alignment AG and DEF/GLO MADS-box subfamilies (Kramer et al. 1998 . Some SEP proteins from the grasses lack I with a partial C terminus, from which those characters defined by CLUSTALX as highly variable, as defined by the SEP II motif in this region because they are the result of a recent gene duplication followed by a quality scores in CLUSTALX, resulted in more highly resolved trees, although the bootstrap support for some frameshift mutation in the LHS clade (Vandenbussche et al. 2003a) . Structurally, the SEP I and SEP II motifs nodes was not as high as in other analyses (Figure 3 ; supplemental Figures 2 and 3 at http://www.genetics. primarily contain hydrophobic and polar residues and do not resemble any motif with known function. Neverorg/supplemental/). On the basis of our analyses the SEP subfamily is theless, they may be functionally important because they are located in positions similar to the AG I and AG II monophyletic. Within the SEP subfamily, there are two major clades, the AGL9 group and the AGL2/3/4 group motifs in AG proteins and the PI-derived and AP3 motifs in AP3 proteins (Kramer et al. 1998 Kim et al. ( Figure 3 ; supplemental Figures 2 and 3 at http:/ /www. genetics.org/supplemental/). Note that these names were 2004).
adopted because these clades contain the Arabidopsis seems to have occurred either before the origin of the sunflower family (Asteraceae) or during its diversifica-AGL9 (SEP3) gene and AGL2, -3, and -4 (SEP1, SEP4, and SEP2) genes, respectively. Each of these two clades tion. However, the exact timing of this gene duplication is difficult to determine, because the placement of the contains sequences from the basal-most angiosperm Amborella, magnoliids, monocots, and eudicots, sugclade formed by Helianthus HAM137, Chrysanthemum CDM77, and Gerbera GRCD1 genes is not well resolved. gesting that the first gene duplication event within the SEP subfamily occurred before the origin of extant anIn this clade, 1 fixed amino acid change in the MADSbox domain and 22 fixed amino acid changes in the giosperms.
Additional duplication events within the monocot and K-box domain were detected ( Figure 4A ). In some trees this clade is placed near the base of the AGL9 clade eudicot lineages: Within the AGL2/3/4 and AGL9 clades, several additional gene duplication events were de- (Figure 3 ), while in other analyses its placement is within the core eudicots (supplemental Figures 2 and 3 at tected within the monocot and eudicot lineages ( Figure  3 ; supplemental Figures 2 and 3 at http://www.genetics.
http://www.genetics.org/supplemental/). These findings suggest that this clade warrants further study. Beorg/supplemental/). In monocots, we detected at least five distinct grass clades, three in the AGL2/3/4 lineage cause the protein sequences of these three asterid genes are so divergent from all other AGL9 clade members, and two in the AGL9 lineage, suggesting that the grasses may have experienced at least three gene duplication it is possible that they may have acquired novel functions during evolution. events. In the AGL2/3/4 clade, the evolutionary patterns of SEP homologs in eudicots are complicated, and the Conserved sequence characteristics vary among clades: The members of the AGL9 and AGL2/3/4 clades relative timing of some of the duplication events cannot be determined. At least two gene duplications occurred have several clade-specific changes within the K-box and C-terminal regions (supplemental Figure 1 at http:/ /www. after the origin of the eudicots but before the diversification of the core eudicots. These duplication events genetics.org/supplemental/; Figure 4 ; also see other supplemental materials at http://www.genetics.org/sup resulted in three distinct clades, i.e., AGL2 (which contains both SEP1 and SEP2), AGL3 (which contains plemental/). Figure 4 shows the clade-specific amino acid residues in the MADS-box and K-box in most major SEP4), and FBP9, each of which contains sequences from the rosid and asterid clades. The monophyly of lineages in the SEP subfamily. The GRCD1 asterid clade in the AGL9 lineage and grass clades in both the AGL9 the AGL2 and FBP9 groups is well supported in some analyses, with bootstrap values Ͼ60% (Figure 3) and and AGL2/3/4 lineages have accumulated a number of clade-specific differences in the K domain. The K do-Ͼ75% in additional analyses (supplemental Figures 2 and 3 at http://www.genetics.org/supplemental/). In main is highly conserved among MIKC-type (MADS, intervening region, K domain, C-terminal region) most of our phylogenetic analyses, the FBP9 clade is sister to the AGL2 clade, although the position of the MADS-box proteins with a hypothesized coiled-coil domain proposed to be involved in protein-protein interac-FBP9 clade is not strongly supported. These results are similar to what was observed in the SQUA/AP1 MADStions (Davies and Schwarz-Sommer 1994; Riechmann and Meyerowitz 1997). The high number of cladebox subfamily, where multiple gene duplication events have occurred within the core eudicots (Litt and Irish specific changes evidenced here suggests that the presence of duplicate copies may have allowed for sub-and 2003). The AGL3 and FBP9 clades share slightly more derived residues than do the AGL2 and FBP9 clades. neofunctionalization in these clades. Lineage-specific changes were also noted for other Moreover, members of both the AGL3 and FBP9 clades are highly variable in the C-terminal region, making it clades. For example, within the K-box domain, there are changes supporting the monophyly of the eudicot difficult to determine the relationship between these clades. The absence of an Arabidopsis gene in the FBP9 AGL9, the monocot AGL9, the core eudicot AGL2, the core eudicot FBP9, and the monocot AGL 2/3/4 clades, clade suggests either that this clade is part of the AGL2 (or AGL3) clade or that the Arabidopsis lineage lost a respectively ( Figure 4A ). Although many monocot-and grass-specific changes were identified in the K-box re-FBP9 ortholog.
Within the AGL9 clade a single gene duplication gion in the AGL2 clade, the number of residues that -A color-coded map of the evolution of amino acid residues within the aligned C-terminal regions of representative basal taxa with a quality score Ͼ12, as calculated by CLUSTALX. The colors show clade-specific conservation as determined using the trace character function in MacClade (Maddison and Maddison 1989) and are not dependent on individual amino acid residues at the position shown. In this color-coded alignment, purple designates ancestral residues across the AGL2/3/4 clade, compared to the core eudicot AGL2/3/4 clade, and red designates ancestral residues across the AGL9 clade, compared to the core eudicot AGL9 clade, as determined using the trace changes option in MacClade4.03 (Maddison and Maddison 1989) . In several instances, conserved AGL2/3/4-like residues are found in the AGL9 lineage in basal lineages and, vice versa, AGL9-like residues extend into the AGL2/3/4 clade. The ancestral traits for each clade, as calculated, are presented by the Amborella genes with a question mark (?) designating equivocal character states.
were conserved within the grasses, but differed from alanine at that position. Likewise, a residue in the C-terminal domain in the AGL2 clade is predominantly glycine, other lineages, remained high in the C-terminal region (see supplementary materials at http://www.genetics.
but is predominantly asparagine in the AGL9 clade with the sole exception of the grasses, which are also predomorg/supplemental/). Notably, the OsMADS5 clade contains genes that apparently have lost the final 12-15 inantly glycine. These shifts may represent codon biases inherent in the taxa but hypothetically they also may amino acids relative to all other genes from the SEP subfamily. Additionally, a previously identified frameshift represent directional selection on protein function as partners of specific members of other MADS-box famimutation occurred within the C-terminal end of genes from the LHS grass lineage (Vandenbussche et al.
lies. The evolution of these genes and the selective forces that may have caused this apparent convergence 2003a).
In general, the similarity between a member of the presents an interesting line of future inquiry. Expression of SEP homologs in a basal eudicot and AGL9 clade and a member of the AGL2/3/4 clade in a basal angiosperm is greater than that between such basal-most angiosperm: Expression of the AGL9 homolog, EScaAGL9 from the basal eudicot, California poppy paralogs in a eudicot or monocot. For example, the two Amborella genes, AMtrAGL2 and AmtrAGL9, are 67% (E. californica), was analyzed by RNA in situ hybridization ( Figure 6 ) and found to be similar to those of AGL9/ identical at the amino acid sequence level and share features with members of both the AGL9 and AGL2/3/4 SEP3. Expression was not observed in an early floral meristem ( Figure 6A ) prior to sepal primordia initiation, clades. The level of conservation observed between an AGL2/3/4-type gene and an AGL9-type gene decreased which corresponds to stage 3 in Arabidopsis (Smyth et al. 1990; Buzgo et al. 2004) . After sepal primordia were in Houttuynia and is even less in the monocot and eudicot lineages. Of the 44 amino acid residues in the initiated, EScaAGL9 signal was detected in the regions of the floral meristem that will become the petals, stamens, C-terminal region that are variable among AGL2/3/4 and AGL9 clade members, 17 are identical between the and carpels ( Figure 6B ) and was maintained throughout floral development in the inner three whorls. In additwo Amborella proteins. Of these 17 residues, 13 were more like AGL9-type proteins and 4 were more like tion, a low level of expression was detected in the upper portions of sepals at the stage after the ovule primordia AGL2/3/4-type proteins. Furthermore, 51 of 60 residues of the C terminus had the same ancestral state for began to form from the carpel (Figure 6, C and D) . At this stage, EScaAGL9 expression appears to be higher both the AGL9 and AGL2/3/4 lineages ( Figure 5 and see supplemental materials at http://www.genetics.org/ in the developing petals and stamens than in the carpel and ovule primordia. Expression is high in the develsupplemental/).
In addition to clade-specific changes,we observed sevoping seeds ( Figure 6E ), but not in the walls of the developing capsule. In the water lily Nuphar, the expreseral incidents of apparent convergence in amino acid residues (see supplemental materials at http://www. sion of an AGL9 homolog was detected in all floral whorls but not in the leaves (Figure 7 ). These experigenetics.org/supplemental/). One example of convergence occurred in the K-domain where the AGL9 core ments suggest that SEP homologs in basal eudicots and basal angiosperms are expressed in the floral meristem eudicot clade evolved a tyrosine at site 126, compared to valine, while the AGL2 clade evolved a shift toward and multiple floral organs, similar to their eudicot homologs. tyrosine, with some taxa with either a cytosine or phenyl- suggest that the SEP homologs belong to one of the most recently originated MADS-box subfamilies (Nam et al. 2003) . Therefore, it was not clear whether the SEP subfamily originated before or after the emergence of angiosperms. SEP homologs occur in A. trichopoda and N. advena, representing the basal-most lineages of extant angiosperms, and our phylogenetic analyses indicate that SEP homologs are present in all major lineages of extant angiosperms. Furthermore, these results, coupled with the fact that SEP homologs have not been detected in gymnosperms, suggest that the SEP gene(s) originated in the ancestor of extant angiosperms. angiosperms, as evidenced by the phylogenetic placement of the two Amborella SEP homologs in this study. from eudicots and monocots, but the present study is the first report of SEP homologs from basal angiosperms.
Furthermore, the presence of SEP homologs in all major lineages of angiosperms and their apparent absence in In addition, phylogenetic and molecular clock studies the gymnosperms strongly suggests that they may have On the basis of functional studies of SEP genes from core eudicots and monocots, it appears that the entire played a critical role in the origin of the flower. Their role in floral development is directly demonstrated by SEP subfamily has a potentially conserved meristematic identity or determinacy function (Bonhomme et al. 1997 , genetic studies in the eudicots Arabidopsis and petunia and strongly supported by expression studies in a num-2000; Yu and Goh 2000; Theissen 2001; Lemmetyinen et al. 2004) . Although AP1 also has meristem activities ber of other species in both the eudicot and monocot clades. Among the floral MADS-box genes (Theissen (Irish and Sussex 1990; Shannon and Meeks-Wagner 1993) , it affects only the identities of the perianth. et al. 2000) , both the DEF/GLO and the AG subfamilies have homologs in gymnosperms that appear to play An early duplication in the history of the SEP subfamily: Previous studies have shown that multiple SEP homoimportant roles in reproductive development. Therefore, these genes are likely examples of existing genes logs may be found in a single species ( Johansen et al. 2002; Becker and Theissen 2003; Litt and Irish 2003 ; that contributed to the evolution of the flower and the angiosperms .
Malcomber and Kellogg 2004). Our results indicate that Amborella, Magnolia, Persea, and Eschscholzia also The coincidence between the origin and diversification of the SEP subfamily and the emergence of angiohave at least two SEP homologs. The widespread presence of multiple SEP homologs suggests that these sperms suggests that the origin of the SEP subfamily may be part of a hypothesized "molecular innovation" genes resulted from a duplication that occurred either prior to the origin of the angiosperms or very early in that made possible the morphological invention of the flower. Others have proposed that regulatory genes also their initial diversification. However, it is also possible, although less likely, that these SEP homologs resulted may have played a key role in this regard (Theissen et al. 2000; Theissen 2001) . This important role of the from multiple independent duplication events. The extensive phylogenetic analyses here support an early du-SEP subfamily is further supported by the observation that, in Arabidopsis, SEP genes provide the "floral state" plication that occurred before the diversification of all present-day angiosperms. The two clades produced by upon which the ABC genes can act to promote the formation of all whorls of floral organs (Honma and this duplication event contain either the Arabidopsis AGL2/3/4 genes or the Arabidopsis AGL9 gene. Both Goto 2000; Pelaz et al. 2000 Pelaz et al. , 2001a Ditta et al. 2004) , in comparison to the more restricted functions the AGL2/3/4 and AGL9 clades have representatives from other eudicots, monocots, magnoliids, and the basalof members of the SQUA, DEF/GLO, and AG subfamilies Ma and Depamphilis 2000) . Furthermore, most angiosperms Amborella and/or Nuphar. Our expanded sampling from phylogenetically critical posi-SEP genes are apparently able to integrate the reproductive meristem determinacy with floral organ identity tions on the angiosperm tree has greatly enhanced the power of phylogenetic analysis to resolve nodes that (Pelaz et al. 2000; Uimari et al. 2004) and may have played a role in the origin of the bisexual flower. The were previously difficult, supporting the need for extensive and deep sampling. basal placement of SEP homologs from Amborella and Nuphar may represent the most ancestral extant forms
The occurrence of an early duplication in the SEP subfamily is very similar to preangiosperm duplication of these potentially angiosperm-specific genes, and, as such, studies of their ability to interact with other ABC events in both the AG and the DEF/GLO subfamilies (Kramer et al. 1998 (Figure 8 ). MADS-box genes may allow for further understanding of the evolution of developmental regulation in flowers.
These parallel duplication events of key regulators of floral form may have allowed functional variations that In addition, SEP homologs may be introduced into gymnosperms to test their function in promoting flower contributed to the great degree of morphological diversity among early angiosperms. Our analyses indicate formation.
Within the SEP subfamily we see two potential evoluthat a duplication event occurred in the SEP subfamily sometime after it diverged from the AGL6 and SQUA tionary novelties: expression throughout the flower (reproductive shoot) and amino acid sequence motifs for subfamilies. Because both the SEP and the SQUA subfamilies are apparently absent from gymnosperms, the transcriptional activation. In addition to expression in the cone, some members of the AGL6 subfamily, notably first duplication in the SEP subfamily likely occurred after the divergence of extant gymnosperms and angio-DAL1 and PrMADS3, are expressed in vegetative shoots (Tandre et al. 1995; Mouradov et al. 1998) . The expressperms. Functional implications of the persistence of multiple sion of SEP homologs in the floral meristems of angiosperms and that of AGL6 homologs in shoot meristems copies of SEP homologs: The redundancy caused by gene duplication may have provided the SEP subfamily in gymnosperms suggest an ancestral meristematic function for the common ancestor of the SEP and AGL6 with a plethora of genes among which sub-or neofunctionalization can occur. In addition to the preangiosubfamilies. SEP proteins have putative transcriptional activation motifs and some can activate transcription in sperm duplication event described above, our analyses revealed a number of additional gene duplication events yeast (Ma et al. 1991; Huang et al. 1995; Immink et al. 2002; Ferrario et al. 2003; Shchennikova et al. 2004) .
in eudicots and monocots of both the AGL2/3/4 and nacy (Pelaz et al. 2000; Ditta et al. 2004) . Only the quadruple mutant lacking all four genes exhibits a complete loss of floral organ identity. Therefore, it is likely that the sequences of the encoded proteins do not differ sufficiently to cause changes in the biochemical functions, but the expression patterns and perhaps some interaction partners of these genes can change, thereby resulting in functional changes. The expression of SEP homologs in core eudicots and monocots is generally similar to that of SEP1/2 and SEP3, although expression varies in early developing sepals. The expression results presented here support the idea that SEP homologs in a basal eudicot and a terns. On the basis of these studies, it appears that the At this time there is little evidence to indicate that the AP1/ FUL subfamily is more closely related to the AGL6 subfamily entire SEP subfamily has a potentially conserved functhan to the SEP subfamily. Note that the arrangement of clades tion in controlling the identity of all floral organs; this I and II is shown as a hypothetical order and is not meant to may have been lost in specific lineages, such as the suggest that clades assigned to either clade have a similar carpel-specific DEF49 (Davies et al. 1996) in the AGL2 evolutionary history outside of a duplication event at the base clade or the stamen-specific GRCD1 in the AGL9 clade of the core eudicots. Stars represent hypothetical coincidental gene duplication events that may or may not be due to genome (Kotilainen et al. 2000) . Additionally, it seems that the duplication events. their loss . Because these genes encode clade. The duplicate gene pairs in the core eudicots components of multimeric complexes, new gene copies may have resulted from a genome-wide duplication in could perhaps have been more easily assimilated than the ancestor of the eudicots that was proposed on the if they functioned singly. Studies of DEF/GLO homologs basis of genomic sequence analysis (Ku et al. 2000 2002; Kanno et al. 2003) . Such flexibility has also been Our analysis strongly supports the hypothesis that the proposed for DEF/GLO homologs in Amborella and SEP subfamily has been present in the angiosperms might be due to specific properties of the C-terminal since before the diversification of the extant basal-most regions , which have been shown or are angiosperms Amborella and the Nymphaeales. The thought to be involved in protein-protein interactions long-term coexistence of functional duplicated copies among MADS-box proteins (Egea-Cortines et al. 1999; suggests that subfunctionalization and/or neofunctionFerrario et al. 2003; Lamb and Irish 2003) . The relative alization (Force et al. 1999; similarity of the C-terminal regions of the Amborella may have occurred among paralogs in the SEP subfam-SEP homologs is similar to those observed in DEF/GLO ily. For example, in Arabidopsis, the SEP1/2 (AGL2/4) homologs Stellari et al. 2004) . Our genes are expressed in all four whorls, whereas SEP3 study demonstrates that the C-terminal regions of SEP (AGL9) is expressed in the inner three whorls but not homologs from the basal-most angiosperms are structurin the outermost whorl (sepals) and SEP4 is expressed ally very similar. This suggests that paralogs may have throughout the early floral meristem (Flanagan and retained greater similarity in function than those from Savidge et al. 1995 ; Mandel and Yanofsky the monocots and eudicots and, therefore, they may 1998; Ditta et al. 2004) . Nonetheless, AGL2 and AGL9 be less specialized and, hypothetically, more flexible in paralogs have considerable functional overlap and retheir ability to interact with other MADS-box proteins. dundancy. The Arabidopsis SEP1, -2, -3, and -4 genes These duplicate gene copies may then have been under are largely functionally redundant in controlling the sufficiently relaxed selection to allow for the diversification of function through sub-and/or neofunctionalizaidentity of floral organs and floral meristem determi-tion due to changes in both the coding and the regulaof one subfamily are not specific, as both AGL9 and AGL2/3/4 proteins interact with proteins of the AG and tory regions of these genes, similar to that observed in the AG subfamily (L. M. Zahn, J. H. Leebens-Mack, AGL11 clades in the AG subfamily. In addition, SEP proteins have demonstrated interactions with other C. W. dePamphilis and H. Ma, unpublished data). This duplication and subsequent diversification of genes in MADS-box proteins outside these subfamilies (i.e., with members of the AGL20 and AGL6 subfamilies) (Ferrathese lineages may have provided the raw material that has allowed for the diversification of the floral forms rio et al. 2003) . Therefore, patterns of protein-protein interactions are not directly correlated with the phylogeobserved today Kramer et al. 2003) .
Implications of conservation in evolutionary paths of netic topologies of these subfamilies. In other words, there is no evidence either for specific protein-protein interacting MADS-box genes: Multiple phylogenetic studies of MADS-box gene subfamilies have demoninteraction driving the divergence of genes or for specific patterns of gene trees providing the basis for spestrated a consistent pattern of gene duplication among the eudicots (Soltis et al. 2005) 
